1,2-Eliminations are a varied and extensive set of dissociations of ions in the gas phase. To understand better such dissociations, elimination of CH 2 ϭ CH 2 and CH 3 CH 3 from (CH 3 ) 2 NH ϩ CH 2 CH 3 (1) and of CH 4 from (CH 3 ) 2 NH 2 ϩ are characterized by quantum chemical calculations. Stretching of the CN bond to ethyl is followed by shift of an H from methyl to the bridging position in ethyl and then to N to reach (CH 3 ) 2 NH 2 ϩ ϩ CH 2 ϭCH 2 from 1. CH 3 CH 3 elimination by H-transfer to C 2 H 5 ϩ to form CH 3 NH ϩ ϭCH 2 ϩ CH 3 CH 3 also takes place. (CH 3 ) 2 NH 2 ϩ eliminates methane by CN bond extension followed by ␤-H-transfer to give CH 2 ϭNH ϩ ϩ CH 4 . Low-energy reactions resembling complex-mediated 1,2-eliminations occur and constitute a hitherto largely unrecognized type of reaction. As in many complexmediated reactions, these reactions transfer H between incipient fragments. They are distinguished from complex-mediated processes by the fragments not being able to rotate freely relative to each other near the transition state for reaction, as they do in complexes. Most 1,2-eliminations are ion-neutral complex-mediated, occur by the just described lower energy reactions, have 1,1-like transition states, or utilize highly asynchronous 1,2 transition states. All of these avoid synchronized 1,2-transition states that would violate conservation of orbital symmetry. (J
1,2-Eliminations are a varied and extensive set of dissociations of ions in the gas phase. To understand better such dissociations, elimination of CH 2 ϭ CH 2 and CH 3 CH 3 from (CH 3 ) 2 NH ϩ CH 2 CH 3 (1) and of CH 4 from (CH 3 ) 2 NH 2 ϩ are characterized by quantum chemical calculations. Stretching of the CN bond to ethyl is followed by shift of an H from methyl to the bridging position in ethyl and then to N to reach (CH 3 ) 2 NH 2 ϩ ϩ CH 2 ϭCH 2 from 1. CH 3 CH 3 elimination by H-transfer to C 2 H 5 ϩ to form CH 3 NH ϩ ϭCH 2 ϩ CH 3 CH 3 also takes place. (CH 3 ) 2 NH 2 ϩ eliminates methane by CN bond extension followed by ␤-H-transfer to give CH 2 ϭNH ϩ ϩ CH 4 . Low-energy reactions resembling complex-mediated 1,2-eliminations occur and constitute a hitherto largely unrecognized type of reaction. As in many complexmediated reactions, these reactions transfer H between incipient fragments. They are distinguished from complex-mediated processes by the fragments not being able to rotate freely relative to each other near the transition state for reaction, as they do in complexes. Most 1,2-eliminations are ion-neutral complex-mediated, occur by the just described lower energy reactions, have 1,1-like transition states, or utilize highly asynchronous 1,2 transition states. All of these avoid synchronized 1,2-transition states that would violate conservation of orbital symmetry. (J Am Soc Mass Spectrom 2008, 19, 1491-1499) © 2008 American Society for Mass Spectrometry E limination reactions have long been of interest with regard to whether and how elementary steps of organic species are synchronized. Dewar concluded that synchronous breaking of bonds is generally prevented by high-energy requirements for simultaneously breaking multiple bonds [1] . Williams and Hvistendahl concluded that some 1,2-eliminations of H 2 occur by high-energy, symmetry-forbidden 1,2-trajectories and others by allowed 1,1-transition states [2, 3] . Uggerud and coworkers further characterized 1,1-like transition states for 1,2-eliminations [4 -6] . Uggerud concluded that orbital symmetry [7] cannot be used to predict the reaction trajectories for the 1,2-eliminations that do occur [4] . However, we conclude that formal 1,2-eliminations generally avoid violating conservation of orbital symmetry. They do this by occurring in separate steps (ion-neutral complex-mediated or parallel lower energy processes), utilizing non-forbidden 1,1-like transition states, or passing through sufficiently asynchronous 1,2-transition states that they are not symmetry forbidden [8] . To categorize 1,2-eliminations, we here use theory to characterize dissociations of (CH 3 ) 2 CH 3 , and of (CH 3 ) 2 NH 2 ϩ to CHϭNH 2 ϩ ϩ CH 4 . The most common 1,2-elimination by cations in the gas phase is probably bond cleavage to form an ionneutral complex followed b y H -transfer between incipient partners, often accompanied by isomerization [9 -16] . Complexes are considered to be intermediaries when a bond is extended to the point that the partners can rotate relative to each other [10, 11, 17, 18] , and/or reactions occur between incipient fragments [10, 12, 15] . Such reactions are initiated by simple bond cleavages to associated fragments and completed by reactions between the partners.
Another common type of 1,2-elimination involves transition states that closely resemble those for 1,1-eliminations [2] [3] [4] [5] [6] . I n contrast to synchronous 1,2-transition states, 1,1-transition states do not violate conservation of orbital symmetry [3] [4] [5] . This is probably why many non-complex-mediated reactions utilize 1,1-like transition states [5, 8, 19, 20] .
In CH 4 elimination from CH 3 CHϭOH ϩ , formally a 1,2-elimination [20] that releases a large amount of translational energy [21] , H moves from O to H and then to the CC bond to eliminate methane through a 1,1-transition state (Scheme 1). [19, 20] . Thus, this methane elimination occurs well below the energy at which fragments can form and independently rotate, so the reaction is not complex-mediated [17, 18] . The trajectory of this dissociation is guided by specific interactions between incipient fragments, in contrast to the much less restricted movement of partners in complexes. Such "guided reactions" are one focus of this work.
Alkenes are eliminated from secondary alkylphenyl ether ions via 1,2-syn transition states in parallel with complex-mediated 1,2-processes [23] [24] [25] [26] [27] . Parallel operation of two mechanisms was demonstrated by quantum chemical calculations and the stereospecificity/ isotopic exchange inferred by modeling experimental results. In the latter, the abstraction of a ␤ hydrogen/ deuterium in the elimination of C 4 (H,D) 8 from labeled 2-phenoxybutane ions was demonstrated by specific transfer of a ␤-H(D), and free rotation of partners was demonstrated by H-transfer from all positions of the side chain [26] . Morton and coworkers [27] established that dissociation of the 2-phenoxypropane ion, like the dissociation of CH 3 CHϭOH ϩ , has an onset below the threshold for complex-mediated dissociation [26] . Although this reaction has a 1,2-transition state, at the transition state the O-propyl C-O bond is essentially fully broken (2.688 Å long); the O has moved toward H t (ROH t ϭ 1.748 Å) and H t has moved only slightly away from its carbon (RCH t ϭ 1.163 Å [26] . Computations indicate that breaking the OC bonds in the eliminations of 2-butene from neutral and from protonated mdimethylaminophenyl butyl ethers also precedes Htransfer from a ␤ carbon to O [27] . All three of the reactions just described begin with substantial CO bond stretching and are followed by transfer of a ␤-hydrogen to O. The asynchronous nature of these reactions allows them to occur via 1,2 transition states. CH 2 ϭCH 2 elimination gives the base peak (m/z 46) in the CID spectrum of (CH 3 ) 2 NH ϩ CH 2 CH 3 (1), the system we will study. Comparison to the dissociation of CH 3 CH 2 NH ϩ ϭCH 2 [28] suggested that 1 eliminates CH 2 ϭCH 2 according to Scheme 2. We studied CH 2 ϭCH 2 eliminations from (CH 3 ) 2 NH ϩ CH 2 CH 3 because of the possibility of their being guided reactions [28] .
Scheme 3 was suggested by Harrison and coworkers [29] to rationalize collision-induced alkane eliminations from protonated secondary and tertiary amines. We sought ethane elimination from 1 according to Scheme 3 because this reaction is symmetry forbidden if synchronous and because confirmation of the hypothesized mechanism would be the first demonstration of an alkane elimination by forming a CC bond.
Theory
Energies and geometries of stationary points and intrinsic reaction coordinates were obtained using the Gaussian 03 suite of programs [30] . Geometries were determined by MP2/6-311G (d,p) and QCISD/6-311G(d,p) quantum chemical methods. Energies were obtained at the same levels of theory and with the same basis sets as the geometries, except QCISD(T)/6-311G(d,p) energies were obtained at QCISD/6-311G(d,p) geometries. We considered configurations with all positive vibrational frequencies to be stable species, and configurations possessing one imaginary vibrational frequency were considered to be transition states. MP2/6-311G(d,p) theory was used to trace reaction pathways by intrinsic reaction coordinate (IRC) methods [31, 32] . Attractions between atoms of interest were assessed by determining Wiberg bond index matrix elements in the natural atomic orbital basis [33, 34] , hereafter referred to as Wiberg bond indexes. Zero point energies and vibrational frequencies were computed at the MP2/6-311G(d,p) level and are unscaled.
B3LYP/6-31G(d) and B3LYP/6-311G(d,p) methods did not deal satisfactorily with the reaction
A transition state that led from 1 to a complex with an unbridged ethyl rather than to the products in Scheme 2 was found by B3LYP theory. However, this transition state and its associated force constants could not be optimized to a QCISD transition state. The main reason for this seemed to be inadequate treatment of the bridged ethyl cation by B3LYP theory. Because of this problem, we do not report B3LYP results. 
Results and Discussion
We hypothesized by analogy to the dissociation of CH 3 CH 2 NH ϩ ϭCH 2 [28] that 1 dissociates to CH 2 ϭCH 2 ϩ CH 2 ϭNH 2 ϩ ϩ CH 4 by loss of CH 2 ϭCH 2 and then methane (Scheme 2). The loss of CH 2 ϭCH 2 to give the base peak in the CID spectrum of 1 [29] , the structure of the transition state located by theory and the identification of the dissociation products establish that 1 eliminates CH 2 ϭCH 2 as in Scheme 2. Energies for relevant transition states and stable structures are given in Tables 1 and 2 for reactions of 1, and a potential energy diagram for ethene elimination from 1 and subsequent methane elimination from (CH 3 ) 2 NH 2 ϩ is given in Figure 1 . QCISD/6-311G(d,p) structures of 1, the complex [(CH 3 ) 2 NH 2 ϩ CH 2 ϭCH 2 ] (brackets designate ion-neutral complexes unless otherwise specified) and a transition state that connects this complex to 1 are pictured in Figure 2 . A second trajectory connecting 1 and this complex is described in the next section. For convenient reference in the remainder of this paper, atoms in 1 are designated numerically as follows:
The bond lengths and angle that change most substantially in the course of CH 2 ϭCH 2 elimination from 1 are plotted as a function of step number along the intrinsic reaction coordinate in Figure 3 . These plots demonstrate that 1,2-elimination of CH 2 ϭCH 2 from 1 takes place in several consecutive stages: (1) [28] : both involve CN bond stretching followed by revolution of a beta H around the carbon to which it is attached (C 2 ) to bridge the CϭC bond (Figure 3 ), and finally transfer of H t to N and dissociation [28] . Methane elimination from the propane ion [35] , methane elimination from the nbutane ion [36] , the dissociation of CH 3 7%, see below) . These attractions would prevent free relative rotation of partners, i.e., complex formation at and near the transition state, in the absence of excess internal energy. However, separate rotation of the partners probably does occur when there is sufficient internal energy in the system to overcome the attractive forces between the incipient fragments, i.e., complex-mediated elimination should appear and increase in importance with increasing internal energy above the onset for formation of the complex [26] .
Another CH 2 ϭCH 2 Elimination from 1
We also found a segment of another pathway from 1 to The existence of two pathways from 1 to CH 2 ϭCH 2 elimination adds to evidence that reactions between incipient partners can follow distinct trajectories, as we have reported elsewhere [41] . Although the reorientation criterion appears to be satisfied by the movement of the partners around each other in this reaction, the two CH 2 ϭCH 2 elimination pathways probably would not be distinct if the partners reorient freely relative to each other in the course of those reactions. There is little reorientation of the partners in the preceding CH 2 ϭCH 2 elimination, at least not at the very low internal energies at which the reaction is sub-complex mediated. (We will use that term to refer to reactions that occur below the energies at which complex-mediated reactions take place.) Thus apparently a complex-mediated and a distinct sub-complex reaction both connect 1 to [CH 2 ϭCH 2 (CH 3 ) 2 NH 2 ϩ ]. Morton and coworkers previously reported the parallel occurrence of two such reactions (see above) [26] .
CH 3 CH 3 Elimination and CC Bond Formation from 1
We also characterized C 2 H 6 elimination from 1, initially to explore whether CC bond formation can form alkanes and be eliminated (Scheme 3). The peak representing this dissociation is 65% as abundant as the base peak (CH 2 ϭCH 2 elimination) in the high-energy CID spectrum of 1 [29] , so this reaction occurs. C 2 H 6 might be formed from 1 by abstraction of an alkyl group by the radical in an ion-alkyl radical complex or by concerted CC bond-breaking and making to give a 1,2-elimination (Scheme 3). Trajectories for 1,2-alkane eliminations were sought in a number of attempts by squeezing the C 3 methyl together with the C 2 methyl or the ethyl by bond stretching or by constricting bond angles. However, all of these efforts led instead to highenergy, sometimes anti-bonding, interactions, with no indication of CC bond formation. Therefore, alkane elimination by CC bond formation does not seem to be feasible.
A transition state for ethane elimination was found by feeding the high-energy point in one of the preceding searches into a transition state-seeking routine with normal run-stopping criteria suspended (NOEIGENTEST ϩ around (CH 3 ) 2 NH followed by H t -transfer between the partners and dissociation. This complex is identical in structure to the corresponding complex in Figure 2 , and is also likely to have a very fleeting existence due to the high reverse critical energy. C 2 H 5 ϩ passes around a (CH 3 ) 2 NH methyl with H t pointing toward the methyl over the course of this reaction.
Figure 5.
A transition state for ethane elimination from 1. At this point, the C 1 N bond is largely broken. Its proximity to C 1 and distance from C 2 demonstrates that H t has passed the symmetric bridging point and is approaching C 1 . The proximity of H I to C tions, and are not freely accessible from each other's trajectories, i.e., they are guided. We do not know of a formation of an alkane by the attack of an alkyl radical on an alkyl group, by a similar attack by an alkyl cation, or by concerted elimination of RR= (R and R= represent alkyl groups). The apparent absence of C-C bond formation from 1 is consistent with a preference for alkyl radicals to abstract H or halide atoms rather than carbon-containing groups [42] . This is reinforced by our failure to find a transition state for propane elimination from 1. The inability of alkyl radicals to abstract alkyl radicals contrasts with the many H-abstractions by alkyl radicals that occur in ion-neutral complexes [16, 35, 36, 43] .
Although the initial stages of the CH 3 CH 3 elimination are similar to those of CH 2 ϭCH 2 elimination from 1, the final stages of the two reactions involve Htransfers in opposite directions, one direction producing CH 2 ϭCH 2 and the other CH 3 CH 3 . At the transition state for CH 2 ϭCH 2 elimination, H t points toward CH 3 NH 2 ϩ CH 3 , but it points away from CH 3 NH 2 ϩ CH 3 in the transition state for CH 3 CH 3 elimination. At the transition state for the former reaction, C 1 N bond cleavage and the 1,2-H-shift are nearly complete while the H t -shift from the C 3 methyl to ethyl is in its early stages ( Figure 5 ). Thus this 1,2-elimination is allowed by the temporal separation of the C 1 N bond-breaking and the H-transfer. This existence of three different reaction trajectories initiated by cleavage of 1 to C 2 H 5 ϩ -(CH 3 ) 2 NH further demonstrates that reactions between partners can occur in parallel by multiple trajectories. These appear to reflect differences in the initial trajectories of the reactants together with the local forces of attraction between the reactants.
The complex [(CH
We found a [(CH 3 ) 2 NH 2 ϩ CH 2 ϭCH 2 ] complex ( Figure  2 ) in a shallow potential minimum beyond and 210 kJ mol Ϫ1 lower in energy than the transition state connecting 1 to this complex ( Figure 1) . In contrast to the transition state between this complex and 1, this configuration is highly symmetric, all of its CH 2 ϭCH 2 hydrogens being essentially equidistant from the N (3.6520 to 3.6574 Å) and nearly so from H t (2.7362 to 2.7744 Å). The CH 2 ϭCH 2 carbons are also equidistant from N (both 3.3449 Å) and from H t (both 2.3436 Å). The CH 2 ϭCH 2 axis is parallel to a line between C 3 and C 4 . The complex has a plane of symmetry that contains the NH 2 and perpendicularly bisects both CH 3 NH 2 ϩ CH 3 and CH 2 ϭCH 2 , RNH t ϭ 1.033 Å for the hydrogen between the N and C 2 H 4 , and 1.023 Å for the other NH distance. Thus H t is fully transferred from C 2 H 5 ϩ to N in this complex. As already discussed, 1 probably dissociates too rapidly for H-exchange to compete with dissociation when accessed by passage over the high barrier from 1 (Figure 1) , although H-transfer between developing fragments occurs. However, since the ground state complex is in a shallow potential well (Figure 1) , it can exist at energies below its dissociation threshold. There is less attraction between the partners in the complex (Wiberg bonding indexes for: CH t for both ethyl carbons ϭ 0.020, NC for both ethyl carbons ϭ 0.006) than in the transition state, as the Wiberg indexes are smaller in the former. The Wiberg indexes for CH bonds in the intact methyls average 0.894; the index is 0.76 for NH and 0.69 for NH t . The C 1 C 2 index ϭ 1.82, demonstrating the presence of most of a -bond between C 1 and C 2 . Summing the indexes representing interactions between the partners in the complex, that is those for the H t Cs and NC, gives 0.052, 6.8% of the NH index and 5.8% of the index for the intact CH, i.e., total bond orders between the partners are about 6% to 7% of those for a normal covalent bond.
The second step in the formation of CH 2 ϭNH 2 ϩ from 1,
provides another example of a 1,2-transition state. The structures of CH 3 NH 2 ϩ CH 3 and the transition state for methane elimination therefrom are given in Figure 6 . In this dissociation, the C 3 N bond stretches substantially before H-transfers between the developing fragments ( Figure 7 The indexes for the strongest attractions between the incipient fragments (the three just listed involving interactions with C 4 and the NH 1 interaction) add up to 39% of the index for a CH bond. Therefore, together they are strong enough to inhibit rotation of those fragments relative to each other, at least at energies substantially below the threshold for dissociation to CH 3 · ϩ CH 3 NH 2 ϩ· . Thus this is a sub-complex mediated rather than a complex-mediated process. The C 4 H 1 and C 3 -C 4 interactions also give this transition state some 1,1-character, although mechanistically it is best placed in the stretch-initiated, asynchronous Htransfer and sub-complex groups. The analogous (CH 3 ) 3 O ϩ also eliminates methane by a methyl-O bond stretch followed by H-transfer [44] . Although the latter reaction follows essentially the same steps as would a corresponding reaction through an ion-neutral complex, it appears to be another example of a reaction at an energy (90 kJ mol Ϫ1 ) too far below the threshold for dissociation to CH 3 ϩ ϩ CH 3 OCH 3 for the developing partners to rotate freely, i.e., for the reaction to be sub complex-mediated.
Conclusions
1,2-Eliminations from cations in the gas phase take place by at least four different types of reactions. Type 1 passes through ion-neutral complexes. The second type involves attractions and relative movements between incipient fragments, but occurs at energies below those at which those fragments can move freely relative to each other. In it, movements of incipient fragments are guided by attractions between atoms in those fragments. This group has hitherto been little recognized [26] . Some trajectories of the first two types branch from a common stalk with the complex-mediated branch increasing in relative importance with increasing internal energy [26] . Mixtures of complex and subcomplexmediated reactions are probably common. The third type goes through 1,1-like transition states and sometimes hypervalent stages. Most 1,1-like processes differ from complex-mediated reactions in that H-shift leads in the former while bond-breaking initiates the latter. We attribute the prominence of the 1,1 reactions to the conservation of orbital symmetry by avoiding synchronized 1,2-eliminations. The fourth type is asynchronous 1,2-eliminations initiated by bond extension and followed by H-transfer, e.g., dissociations of 1 and CH 3 NH ϩ CH 3 . Our conclusions agree with the contention of Dewar that multibond processes are usually asynchronous [1] . However, whereas we attribute this to the avoidance of orbital symmetry constraints, Dewar concluded that multiple bonds do not break simultaneously because that would require an amount of energy roughly equal to the sum of the energies required to break each bonds individually [1] . Given that we recently found that H 2 elimination from CH 3 CHϭNH ϩ CH 3 , an orbital symmetry allowed 1,4-process with a high reverse critical energy, is highly synchronous [45], we believe that orbital symmetry restraints significantly influence the mechanisms of 1,2-eliminations by preventing synchronized trajectories from being taken. This is not necessarily incompatible with the ideas of Dewar.
